The effect of hydrofluoric acid (HF) etching on the performance of Si/C anode was extensively studied in terms of the structural stability, morphology, element distribution, and electrochemical properties. XRD results show that the diffraction peaks of silicon got weakened after being etched by HF. SEM images reveal that the morphology of the composite became coarse after being etched by HF. EDS mapping illustrates the distribution of elements before and after HF etching. Electrochemical studies show that HF etching can improve the cycling performance of Si/C composite but exhibit a deleterious effect on capacity. The results indicate that HF etching could be a promising method for enhancing the performance of silicon-based materials.
Introduction
The increasing demands for electric vehicles (EVs) and hybrid electric vehicles (HEVs) have resulted in extensive research on the high-energy lithium-ion batteries (LIBs), considering that rechargeable LIBs almost dominate the portable electronic and electric vehicle markets [1] [2] [3] . Various methods have been reported to improve device performance [4] [5] [6] [7] [8] . However, as an important part of LIBs, commercialized graphite anodes have limited application because of their low theoretical specific capacity (372 mAh g −1 ) and security issues, which cannot satisfy the growing demands of highenergy application fields [9] .
Different types of anode materials are available, such as alloy anodes and transitional metal oxides. However, silicon-based materials have attracted extensive attentions among all anode materials due to their high theoretical specific capacity (3579 mAh g −1 ), abundance in nature, and appropriately low working potential [10] [11] [12] [13] . However, the extremely huge volume variations during the alloying/dealloying process, low electric conductivity of the silicon-based materials, and unstable solid electrolyte interphase (SEI) film formed on the silicon surfaces newly exposed to commercial electrolyte are the impending challenges for the development of the silicon-based anode [14] [15] [16] .
Great efforts have been made to overcome the shortcomings of silicon-based anodes, such as optimizing the structural stability of the materials [17] [18] [19] , improving the binders and electrolytes [20, 21] , and improving the fabrication technology of the cells [22] [23] [24] [25] . Furthermore, the employment of silicon oxide (SiO x ) material is also an effective way to improve the cycling performance of Si-based anode [26] . Besides, surface modification is an effective way to improve the performance of the silicon-based materials [27] . Yao et al. reported interconnected Si hollow nanospheres by chemical vapour deposition-template etching process to form hollow structure [28] . Zhou et al. reported Silicon@carbon hollow core-shell heterostructures by SiO x template-HF etching process [29] . Hence, a simple and convenient method to improve the performance of silicon-based materials is very necessary. The structure of the material should be sufficiently flexible to restrain the tremendous volumetric effect during the discharge/charge processes. This paper proposes a novel surface modification method to improve the performance of the silicon-based materials. Si/C composite was prepared and etched by hydrofluoric acid (HF). This method is simple and easy and does not use expensive reagents. The performance of the effect of HF etching was investigated in detail; the composite is expected to exhibit enhanced electrochemical performance.
Experimental
Si/C-F composite was prepared by liquid-phase solidification combined with high-temperature pyrolysis method. The synthetic procedures can be briefly described as follows: (1) phenolic resin used as the source of disordered carbon was dissolved in alcoholic solution (5%); nanosilicon (nano-Si, >99.9%,~30 nm, Shuitian Materials Technology Co., Ltd, Shanghai, China) and graphite (>99%,~0.5 μm, Qingdao Tianhe Graphite Co., Ltd, Shandong, China) were added in the mass ratio of 1 : 4, and a small quantity of nanosilica sol (nano-SiO 2 , 30 nm) was added as additive agent; (2) after being mixed uniformly, the mixture was evaporated at 80°C to get a solid precursor and dried in the oven at 120°C overnight; (3) pyrolyzed at 750°C for 2 h under argon atmosphere; (4) hydrofluoric acid (30 wt%) was diluted to 10 wt% by deionized water and then used to etch the Si/C composite for a certain time by gradient centrifuge method (3500 r min −1 for 20 min) and washed several times by ethanol and deionized water (3500 r min −1 ) to remove redundant HF; the desirable powders were dried at 120°C for 12 h and marked as Si/C-F for convenience. For comparison, the composite without HF etching was prepared and denoted as Si/C.
Powder X-ray diffraction (XRD, Rint-2000, Rigaku, Japan) measurements using Cu Kα radiation were used to identify the crystalline phase of the as-prepared composite. Scanning electron microscopy (SEM, JEOL, JSM-5600LV) and transmission electron microscopy (TEM, FEI Tecnai G220) were used to observe the morphology and microstructure of samples.
The electrochemical characterization tests were performed using a CR2025 coin-type cell of Li | LiPF 6 (EC : EMC : DMC = 1 : 1 : 1 in volume) | anode. The anode is composed of 80 wt% anode material, 10 wt% Super P as conducting agent, and 10 wt% polyvinylidene fluoride (PVDF) as binder. After being mixed in N-methyl pyrrolidinone (NMP), the mixed slurry was spread uniformly on a copper foil and dried in vacuum for 12 h at 120°C. A polypropylene microporous film was used as the separator. The assembly of the cells was performed in a dry argon-filled glove box. Electrochemical tests were carried out using a Neware battery tester (Neware, Shenzhen) with various cut-off potential ranges of 0.01-2.00 V (versus Li/Li + ) at room temperature. The electrochemical impedance spectroscopy (EIS) were performed on a CHI660E electrochemical workstation (Chenhua Instruments, Shanghai, China) with AC amplitude of 5 mV from 0.01 Hz to 100 kHz.
Results and Discussion
The structural representations of the Si/C composite before and after etching are presented in Figure 1 . Typically, in this composite, the graphite acts as a matrix to suppress the aggregation of silicon; silicon and silica nanoparticles are well dispersed in the graphite matrix, and disordered carbon is coated on the surface of the particles. Graphite will buffer the stress caused by volume change and provide sufficient electronic conductivity. SiO 2 also acts as dispersant to separate the silicon nanoparticles and buffer the volume expansion and shrinkage of silicon to a certain degree [30] . The size of nanosilicon decreases and the number of the bare silicon particles will reduce after etching, thereby improving the electrochemical performance of the Si/C composite.
The purpose of our research is to investigate the effect of HF etching on the performance of Si/C composite; XRD analysis was conducted to identify the phase structure of the as-prepared Si/C and Si/C-F powders, and the corresponding plots are demonstrated in Figure 2(a) . Figure 2(a) compares the characteristic peaks of Si/C and Si/C-F composites. For Si/C composite, there only exist the crystalline diffraction peaks of nano-Si (JCPDS No. 27-1402) and graphite (JCPDS No. 41-1487) in addition to a broad diffraction peak around 2θ = 23°which is attributable to the amorphous phenolic resin-pyrolyzed carbon. No other phases, such as SiC, are observed. This indicates that the Si/C composite is the composite of silicon, graphite, and amorphous phenolic resin-pyrolyzed carbon. Since there are no obvious peaks for SiO 2 , the existence of SiO 2 should be examined by other methods. It can also be seen that there is no noticeable structural changes, and diffracted intensity of graphite (2θ = 26 5°) was observed in the sample Si/C-F. Journal of Nanomaterials However, the diffraction peaks of silicon (2θ = 28 4°) got weakened as shown in Figure 2 (b), which proved that HF etching can reduce the content of the silicon in the composite. Those results could be attributed to the reactions between hydrofluoric acid and silicon, which will reduce the content of silicon. In order to prove the existence of SiO 2 , TEM investigation was conducted. In Figure 3(a) , it can be seen that SiO 2 consists in Si/C composite, and an amorphous carbon layer is coated on the surface of the Si/C composite and constructs the connection network of graphite and nano-Si particles. From the HRTEM picture of the Si/C composite as shown in Figure 3(b) , the composite particles are composed of graphite (d(002) = 3.362 Å), nano-Si (d(111) = 3.129 Å), SiO 2 , and phenolic resin-pyrolyzed carbon, and SiO 2 is amorphous (as analyzed in the XRD patterns). Figure 4 shows the SEM images of Si/C and Si/C-F samples. The morphology of the particles is both flaky in Figure 4 (a) and Figure 4(b) , which was possibly inherited from the basic shape of graphite. The particles are firmly united in Figure 4(a) , and the grain boundaries are smooth, and a great quantity of silicon is exposed and agglomerated on particle surface. Compared with Figure 4(a) , the grain boundaries became coarse, and exposed silicon was reduced in Figure 4 (b). These changes are associated with the structural representations of the Si/C composite before and after etching. The results revealed that silicon could be reduced after HF etching, which will affect the structure and morphology of the composite.
In order to investigate the interactions between HF and Si/C-F samples, it is necessary to study the element distribution on the surface of the as-prepared composite. Figure 5 shows the EDS results of elements Si, C, and O dispersed in the Si/C and Si/C-F composites. The element Si, O, and C dispersion state of the Si/C and Si/C-F composites is displayed in Figure 5 . It can be seen from Figures 5(b) and 5(b') that the content of silicon significantly reduced after etching, which is in good agreement with the XRD results. Those results show that silicon is the main element that was reduced during the etching process. The decrease in the amount of silicon is helpful to improve the cycling performance of the composite. Figure 6 (a) shows the initial discharge-charge curves of the Si/C and Si/C-F materials at the current density of 100 mA g −1
. It can be seen that the slope at around 0.6 V during the first discharge process is apparently higher after etching, indicating that high amounts of lithium were consumed to form SEI film [23] . The initial discharge capacity of the Si/C and Si/C-F composites are 1126.9 and 1083.9 mAh g −1 , respectively. Although the content of silicon decreased, the initial discharge capacity did not decrease significantly, which can be mainly ascribed to the improvement of electrochemical activity after being etched by HF. The initial charge capacity of Si/C and Si/C-F composites is 753.4 and 559.0 mAh g −1 , respectively. Compared with Si/C, the lower initial charge capacity and coulombic efficiency were observed for the Si/C-F composite, which could be partly attributed to the decreased amount of silicon by HF etching. The 50th charge-discharge curves for Si/C and Si/C-F samples are also shown in Figure 6 (a). Figure 6 (b) shows the cyclic profiles of the Si/C and Si/C-F electrode at the current density of 100 mA g −1 , in which the cyclic performance was clearly enhanced by etching and remained stable after the first few cycles. Although the specific capacity of the Si/C-F electrode faded rapidly at the first three cycles, it exhibited a steady charge capacity with about 400.0 mAh g −1 after 50 cycles. Hence, HF etching was beneficial to improve the stability of the structure during the discharge/charge process.
The electrochemical impedance spectra (EIS) of Si/C and Si/C-F electrode after the 1st cycling process are presented in Figure 7 , and the equivalent circuit model is inserted in the figure. It is remarkable that the EIS profiles are similar; both of them were composed of a semicircle in high frequency and a straight line in low frequency in the EIS spectra. In the circuit, R 1 presents the ohmic resistance between the electrolyte and electrode; R 2 is the charge transfer resistance in the electrode; CPE 1 is the double-layer capacitance and passivation film capacitance, and W 1 is the diffusion-controlled Warburg impedance [7, 31, 32] . The obtainable parameters related to equivalent circuit are recorded in Table 1 . Apparently, the difference of R 1 is not striking between Si/C (2.0 Ω) and Si/C-F (2.1 Ω). However, Si/C-F delivers smaller R 2 (31.2 Ω) than Si/C (35.8 Ω), indicating that the Si/C-F Journal of Nanomaterials electrode possesses lower charge transfer resistance, which may be caused by the low content of silicon and the stable structure of Si/C-F. The smaller R 2 possibly leads to better cycling, which is in accordance with the cycle performance.
Conclusion
In conclusion, the cycling performance and the structural stability of the Si/C composite were enhanced by HF etching, although it produced a deleterious effect on the capacity of Si/C composite. The results of XRD and EDS analyses indicated that silicon was mainly etched, and its content reduced by the etching process. The etching of silicon can be helpful to construct a more stable structure and reduce charge transfer resistance. This method can significantly improve the performance of the as-prepared composite and deserves further investigation.
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